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Abstract
New insights into the understanding of the changes induced in the iron domain of neuromelanin (NM) upon development
of Parkinson’s disease (PD) have been gained by electron paramagnetic spectroscopy (EPR). The results of this study are
compared with a previously reported variable temperature analysis of X-band EPR spectra of a NM specimen obtained from
control brain tissues. The availability of high sensitivity instruments operating in the Q-band (34.4 GHz) allows us to deal
with the low amounts of NM available from PD brains. The organization of iron in NM is in the form of polynuclear
superparamagnetic/antiferromagnetic aggregates, but the lack of one or more signals in the EPR spectra of NM from PD
suggests that the development of the pathology causes NM to decrease its ability to bind iron. Furthermore, the detection of
the Mn(II) signal in the Q-band spectra is exploited as an additional internal probe to assess minor structural differences in
iron domains of PD and control NM specimens. ß 2000 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
The occurrence of Parkinson’s disease (PD) is usu-
ally accompanied by well de¢ned anatomical changes
in the substantia nigra pars compacta (SNpc), in-
cluding loss of dopaminergic neurons, presence of
Lewy bodies and depigmentation [1,2]. Although an
analogously well de¢ned picture is not yet available
at the molecular level, a number of observations sug-
gest that oxidant stress may have a role in the patho-
genesis of PD [3,4].
It has been observed that the increased turnover of
dopamine in the residual neurons causes an increase
in the formation of H2O2, a decrease in the reduced
glutathione level [5,6] and a parallel increase in the
levels of lipid peroxidation [7] and oxidative DNA
damage [8] end-products. In addition, the increase of
the iron content in SNpc (up to 85 Wg/g fresh tissue)
and a change in the Fe2/Fe3 ratio, going from 3:1
in normal conditions to 1:1 in PD [9], seem to be
optimal for a high yield production of highly reactive
OH radicals. Iron content is a widely discussed
point, since other authors failed to observe signi¢-
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cant di¡erences in iron content between control and
pathological brains [10^13].
The pigmentation of SNpc neurons is due to the
presence of neuromelanin (NM), an irregular macro-
molecular pigment belonging to the family of mela-
nins [14,15]. Although melanins are usually men-
tioned for their characteristic ability to coordinate
metal ions in a manner similar to that of ion ex-
change resins [16], this is not the case for iron stored
in SNpc neurons. In fact, there is evidence from both
Mo«ssbauer [12,17] and electron paramagnetic (EPR)
spectroscopies [18] that a magnetic coupling between
iron ions occurs, indicating a clustering of iron ions
rather than a single-ion coordination mode. In a pre-
vious paper, we reported the variable temperature
analysis of X-band EPR spectra of a NM specimen
obtained from control SNpc tissues [18]. Our results
indicated that, in non-pathological conditions, iron is
sequestered by NM and stored mostly as a ferrihy-
drite cluster, a three-dimensional oxy^hydroxy poly-
mer similar to that formed in the storage cavity of
ferritin. It might be possible that the depigmentation
of SNpc, i.e. the loss of NM in the pigmented SNpc
neurons, could cause the release of iron to the cyto-
plasmic pool, where it may form low molecular
weight complexes, very e⁄cient to catalyze radical
production.
It was previously reported that a good deal of
information about the chemical composition of mel-
anins, and in particular of mesencephalic NM, can
be obtained by means of solid state 13C-NMR spec-
troscopy [19^22]. However, this technique concerns
the organic backbone of the pigment only, without
being able to get evidence on potential changes in the
structure of the iron domain during the disease.
To this purpose, we have carried out parallel ex-
tractions of NM from SNpc tissue of control and PD
a¡ected patients in order to get more insight into the
structural di¡erences in the iron domain on the basis
of the spectroscopic analysis of their EPR spectra.
The depletion of NM in PD patients imposes severe
limitations on the amount of pigment that can be
recovered. Thus, in order to obtain a good signal/
noise ratio in the EPR spectra of these specimens it
has been very useful to resort to the higher sensitivity
of instruments operating in the Q-band (34.4 GHz).
2. Materials and methods
2.1. Extraction of NM from SNpc tissues
Five control (mean age 70; 3 M, 2 F) and ¢ve PD
tissues (mean age 75; 4 M, 1 F) were obtained from
‘Nederlandse Hersenbank’ (Netherlands Brain Bank,
Amsterdam, The Netherlands). For each specimen
the neuropathological report was enclosed and for
controls it was speci¢cally reported that they were
not a¡ected by neurological or neurodegenerative
diseases. SNpc were excised from thawed autopsy
specimens using ceramic tools in order to avoid con-
tamination of the samples. To this purpose, glass-
ware was conditioned with a 0.01 mol/l EDTA solu-
tion for 12 h and rinsed several times with double-
distilled water; all reagents were of the highest purity
available (Suprapur, Merck, Darmstadt, Germany).
SN samples were homogenized using a Potter ho-
mogenizer equipped with a Te£on pestle, and the
homogenate was treated as previously reported to
remove all non-NM components and isolate the pig-
ment [21]. Crude NM samples were further incubated
in a 0.01 mol/l EDTA solution for 48 h at 4‡C and
further washed ¢ve times with phosphate bu¡er. At
the end of the procedure, about 6.5 mg of deep
brown material and 10.7 mg of pale brown material
were recovered from control and PD specimens, re-
spectively.
2.2. EPR measurements
EPR spectra were recorded on a Q-band Bruker
Elexsys E-500 spectrometer equipped with a gauss-
meter and a frequencymeter for g value determina-
tion, and on X-band Varian E-109 spectrometer
equipped with a cylindrical cavity; in this case, Var-
ian Pitch (g = 2.0028) was used for g value calibra-
tion.
Variable temperature EPR spectra were obtained
by using a £ow of cooled dried helium in a liquid
helium cryostat (T between 5 K and RT), ¢tted into
the EPR cavity.
Before recording the spectra, samples were de-
gassed at RT (p6 1033 Torr).
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3. Results and discussion
In a previous paper [18] we have shown that EPR
spectra of NM samples are basically made up of
three main contributions: the sharp resonance at
g = 2.0 of the organic free radical characteristic of
all melanins; a set of broad resonances due to Fe(III)
ions in the high spin state at a g value around 2.1;
the resonance of high-spin Fe(III) ions in rhombic
environment, whose g value is shifted to g = 4.3 or
more [23]. Since uncoupled paramagnetic centers are
expected to behave in accordance with the Curie law,
it was useful to record EPR spectra as a function of
temperature to check whether the di¡erent centers
are actually isolated, or some magnetic coupling is
present. It was found that the occurrence of magneti-
cally coupled iron domains in the specimen results in
a complicated dependence on temperature when ob-
serving largely overlapping signals [18]. To overcome
this drawback, we measured EPR spectra of NM
samples from both PD and control patients at a
higher magnetic ¢eld, i.e. in the Q-band.
Fig. 1 reports the variable temperature Q-band
EPR spectra of a NM specimen obtained from con-
trol patients at temperatures ranging from 5 K to
room temperature. As expected, the broad envelope
centered at g = 2.1 is resolved into several compo-
nents even at room temperature. By lowering the
temperature the intensity of these absorptions de-
creases thus re£ecting an antiferromagnetic coupling
in the domain.
On comparing this set of spectra with that previ-
ously obtained at lower magnetic ¢eld strength [18],
we note, apart from a better resolution intrinsic to
the higher magnetic ¢eld strength, two main di¡er-
ences: the signal previously observed at g = 4.3
(whose intensity follows the Curie law) is attenuated
and a sharp sextet centered at g = 2.0 appears. As
recalled above, signals at gW4 are due to high spin
Fe(III) ions in a rhombic distorted tetrahedral coor-
dination sphere [23]. We assigned this resonance to
iron centers chelated by the melanin framework, in
view of the evidence that addition of iron salts to
melanin suspensions or SNpc homogenates leads to
an increase of this signal [18]. Furthermore, it was
noted that this does not account for most of the iron
typically present in a neuromelanin sample. Analo-
gous observations were made by other authors who
proposed that this signal can be taken as a useful
parameter for determining the amount of paramag-
netic iron bound to melanin [24]. Clearly this sugges-
tion is in disagreement with both Mo«ssbauer and
EPR evidence which showed the dominant presence
of a polynuclear iron domain. In order to deal only
with this domain, we exposed the samples to a pro-
longed treatment with EDTA in order to remove all
the labile iron ions bound to NM. Thus, in the spec-
tra reported in Fig. 1 the signal at g = 4.3 is hardly
detectable, and at low temperature only (due to its
paramagnetic behavior).
The sharp sextet is unambiguously assigned to
Fig. 1. Variable temperature Q-band EPR spectra of neurome-
lanin extracted from human midbrain of patients who died of
nonneurological diseases. All the spectra were recorded with
the following instrumental settings: microwave frequency
34.4 GHz; modulation frequency 100 kHz; microwave power
1 mW; modulation amplitude 6 Gauss; time constant 41 ms;
sampled points 4096; scan range 14 000 Gauss.
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Mn(II) ions. In fact, Mn(II) is a d5 ion, with ¢ve
unpaired electrons (S = 5/2) in a 6S ground state,
which establish hyper¢ne interaction with the mag-
netically active 55Mn nucleus (I = 5/2, 100% natural
abundance). If the zero ¢eld splitting parameters
(ZFS) (i.e. those parameters determining the energy
di¡erence of the various magnetic energy levels in the
absence of magnetic ¢eld) are close to zero, this gives
rise to six (2I+1) allowed transitions between the
hyper¢ne levels and, in turn, to six equally intense
resonances centered at g = 2.0. The absence of ZFS
implies that the paramagnetic ion is coordinated in a
highly symmetric environment which can be
achieved, in this case, with the contribution of one
or more coordinated water molecules which ensure a
low distortion of the coordination symmetry [25].
For the same reason, Mn(II) ions possess a quite
long relaxation time [26] that determines a sharp line-
shape and a slow recovery of the Boltzmann equilib-
rium after energy absorption. Since this signal was
not observed in our previous X-band study, we re-
sorted again to X-band EPR spectroscopy to com-
pare the new NM specimen with the previous one. In
Fig. 2 we report a 1000 G expansion of the spectra of
the control NM at room temperature at three di¡er-
ent power levels; in this case we used a high sensi-
tivity cylindrical resonator cavity which allows a bet-
ter signal/noise ratio to be achieved. By using a
microwave power of 10 mW the Mn(II) sextet is still
detectable, although the signal to noise ratio is worse
than in the 2 mW spectrum, at 0.5 mW the electric
noise is overwhelming. From a rough analysis of the
intensities under non-saturating conditions, the oc-
currence of Mn(II) in this specimen can be estimated
in about one atom over 1000 iron atoms. By low-
ering the temperature to 77 K (Fig. 3) spin saturation
occurs as expected, and the best signal to noise ratio
is now obtained with 0.5 mW power.
Fig. 3. Variable microwave power (1 WW, 70 WW, 1 mW)
X-band EPR spectra of neuromelanin extracted from human
midbrain of patients who died of nonneurological diseases. All
instrumental settings were as in Fig. 2 except for the sample
temperature (77 K).
Fig. 2. Variable microwave power (1 WW, 70 WW, 1 mW)
X-band EPR spectra of neuromelanin extracted from human
midbrain of patients who died of nonneurological diseases. All
the spectra were recorded with the following instrumental set-
tings: microwave frequency 9.4 GHz; modulation frequency
100 kHz; modulation amplitude 4 Gauss; time constant 0.5 s;
scan time 8 s; scan range 1000 Gauss; sample temperature
286 K.
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The occurrence of the Mn(II) signal in whole brain
tissue was already reported in X-band EPR spectra
of human red nucleus [27] at a temperature of 150 K
by using a cylindrical cavity and a microwave power
of 10 mW. In the same paper, manganese was not
observed, either in crude or in acid-processed SNpc
tissue specimens. In our previous paper, we used a
power level of 10 mW, which yields a good signal for
both the organic radical and the di¡erent iron cen-
ters, leading though to saturation of the slow-relax-
ing Mn(II) ions. Moreover, due to the lower sensi-
tivity of the variable temperature cavity we used to
explore the whole temperature range, manganese was
not detected at all.
In the Q-band spectra shown in Fig. 1, the Mn(II)
multiplet remains sharp and intense down to 77 K,
where saturation becomes evident.
Fig. 4 reports the variable temperature EPR spec-
tra of NM extracted from SNpc samples from pa-
tients a¡ected by PD. To a ¢rst analysis, this set of
spectra shows a temperature dependence of their
main spectral features not too di¡erent from that
of Fig. 1. However, it is worth noting that the broad
resonance at g about 2.1 is simpler, lacking at least
one of its components. The rhombic iron at g = 4.3
has almost disappeared, whereas the sharp Mn(II)
sextet is present in this sample, as well. Relative in-
tensities of manganese and organic radical signals
are, however, clearly di¡erent to what was shown
in Fig. 1. The Mn(II) sextet appears more saturated
in control NM than in PD NM, even though spectra
of both specimens were recorded using a microwave
power of 1 mW. This value is not comparable to the
same power level in X-band spectra, as the sensitivity
is much higher here. Since the electronic relaxation
time T1e increases (and in turn the 50% saturation
Fig. 5. Variable microwave power (1 WW, 70 WW, 1 mW)
Q-band EPR spectra of neuromelanin extracted from human
midbrain of patients who died of nonneurological diseases. All
the spectra were recorded with the following instrumental set-
tings: microwave frequency 34.4 GHz; modulation frequency
100 kHz; modulation amplitude 2 Gauss; time constant 41 ms;
sampled points 4096; scan range 1000 Gauss; sample tempera-
ture 20 K.
Fig. 4. Variable temperature EPR spectra of neuromelanin ex-
tracted from human midbrain of patients a¡ected by Parkin-
son’s disease. All instrumental settings were as in Fig. 1.
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power P1=2 decreases) as a function of the electron
Larmor frequency, we expect to observe a di¡erent
saturation e¡ect on the Mn(II) sextet and on the free
radical signal.
Figs. 5 and 6 report the Mn(II) sextet in the Q-
band EPR spectra of control and PD NM, respec-
tively, at three di¡erent power levels, namely 1 WW,
70 WW and 1 mW, and at a temperature of 20 K. The
NM sample extracted from PD midbrains shows the
multiplet much more intense at the higher power
level, whereas in control NM this signal is completely
saturated. These ¢ndings are consistent with a longer
electronic relaxation time T1e for manganese in the
control SN. Moreover, at a very low power (1 WW)
the six lines are sharper in the control than in the PD
sample, indicating that the limiting factor for the
transverse magnetization loss is the return to the
Boltzmann equilibrium of the electron spin levels.
A reasonable explanation for this may be found in
a di¡erent dipolar coupling between Mn(II) ions and
paramagnetic centers in their close proximity. In oth-
er words, the presence of fast relaxing electrons near
the observed electron causes a shortening of their
relaxation times and, in turn, a broadening of their
EPR lines; consequently, saturation is more di⁄cult
to reach. This phenomenon is well known in NMR
spectroscopy of paramagnetic metalloproteins. In-
deed, resonances of protons close to unpaired elec-
trons are usually broad as an e¡ect of the nucleus^
electron dipolar interaction, and the NMR linewidth
is dependent on the relaxation time T1e of the un-
paired electrons; the introduction of a second para-
magnetic center close to the ¢rst one causes a reduc-
tion in the T1e of the metal of interest giving rise to
sharper NMR resonances in its surroundings. This
e¡ect has been extensively studied in the case of
Cu,Zn-SOD (superoxide dismutase), where substitu-
tion of Zn for Co or Ni has allowed the observation
of protons close to the Zn center [28].
It thus seems convincing that NM from PD pa-
tients lacks some components of the iron core, which
is structured in magnetically coupled domains; thus,
changes in these extended domains re£ect on the
g = 2.0^2.4 region. Nevertheless, this local breakout
of the ferrihydrite cluster may lead to formation of
isolated Fe(III) centers still included in the insoluble
macromolecule, which are neither removed by pro-
longed EDTA treatment nor chelated by the melanin
framework (which would give rise to the signal at
g = 4.3). These centers may be reasonably assigned
to species having short T1e values, so that their res-
onances become £at and indistinguishable from the
baseline. Moreover, their paramagnetic behavior im-
plies that their intensity decreases with temperature,
so that even at low temperatures they are almost
EPR-silent. In this case, Mn(II) ions play the useful
role of internal probes, without being a principal
component of the complicated NM system.
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